؊ (MEK1 null) and erk1 ؊ cells exhibit severe defects in cell polarization and directional movement, but the molecules responsible for the mek1 ؊ and erk1 ؊ chemotaxis defects are unknown. Here, we describe a novel, evolutionarily conserved gene and protein (smkA and SMEK, respectively), whose loss partially suppresses the mek1 ؊ chemotaxis phenotypes. SMEK also has MEK1-independent functions: SMEK, but not MEK1, is required for proper cytokinesis during vegetative growth, timely exit from the mound stage during development, and myosin II assembly. SMEK localizes to the cell cortex through an EVH1 domain at its N terminus during vegetative growth. At the onset of development, SMEK translocates to the nucleus via a nuclear localization signal (NLS) at its C terminus. The importance of SMEK's nuclear localization is demonstrated by our findings that a mutant lacking the EVH1 domain complements SMEK deficiency, whereas a mutant lacking the NLS does not. Microarray analysis reveals that some genes are precociously expressed in mek1 ؊ and erk1 ؊ cells. The misexpression of some of these genes is suppressed in the smkA deletion. These data suggest that loss of MEK1/ERK1 signaling compromises gene expression and chemotaxis in a SMEK-dependent manner.
MEK/extracellular signal-regulated kinase (ERK) mitogen-activated protein kinase signaling is imperative for proper chemotaxis. Dictyostelium mek1
؊ (MEK1 null) and erk1 ؊ cells exhibit severe defects in cell polarization and directional movement, but the molecules responsible for the mek1 ؊ and erk1 ؊ chemotaxis defects are unknown. Here, we describe a novel, evolutionarily conserved gene and protein (smkA and SMEK, respectively), whose loss partially suppresses the mek1 ؊ chemotaxis phenotypes. SMEK also has MEK1-independent functions: SMEK, but not MEK1, is required for proper cytokinesis during vegetative growth, timely exit from the mound stage during development, and myosin II assembly. SMEK localizes to the cell cortex through an EVH1 domain at its N terminus during vegetative growth. At the onset of development, SMEK translocates to the nucleus via a nuclear localization signal (NLS) at its C terminus. The importance of SMEK's nuclear localization is demonstrated by our findings that a mutant lacking the EVH1 domain complements SMEK deficiency, whereas a mutant lacking the NLS does not. Microarray analysis reveals that some genes are precociously expressed in mek1 ؊ and erk1 ؊ cells. The misexpression of some of these genes is suppressed in the smkA deletion. These data suggest that loss of MEK1/ERK1 signaling compromises gene expression and chemotaxis in a SMEK-dependent manner.
Chemotaxis is a conserved cellular process in which cells detect a chemical gradient, polarize, and proceed up the gradient by extending a pseudopod at their leading edge and retracting their posteriors (17, 27, 40) . In both mammalian and Dictyostelium cells, mitogen-activated protein (MAP) kinase pathways are required for proper chemotaxis. Mouse knockout studies have shown that MEKK1, a MAP kinase kinase kinase that scaffolds and activates both the extracellular signal-regulated kinase (ERK) ERK1/2 and stress-activated Jun N-terminal protein kinase (JNK) MAP kinase pathways, is required for epithelial and fibroblast migration (65) . Fibroblasts from mek1 Ϫ/Ϫ (MEK1 is a MAP kinase kinase that specifically activates ERK1/2) and jnk1 Ϫ/Ϫ jnk2 Ϫ/Ϫ mice also exhibit reduced directional motility in fibronectin and wound-induced migration assays (20, 25) . In addition, ERK1/2 activation is required for MDCK epithelial cells moving as a sheet or undergoing a partial epithelial-to-mesenchymal transition during tubulogenesis (36, 39) .
One MEK and two ERK family MAP kinases have been identified in Dictyostelium. Cells lacking MEK1 or ERK1 (mek1 Ϫ and erk1 Ϫ cells) exhibit a marked absence of polarity and severely reduced chemotaxis speed and directionality (34, 50) . Dictyostelium MEK1 is required for ERK1 activation and its localization to the cell cortex in response to chemoattractant stimulation (50) . ERK2 is not regulated by MEK1 but has an established role in phosphorylating the RegA phosphodiesterase during starvation-induced cyclic AMP (cAMP) relay signaling (35) .
Although the ERK and JNK MAP kinase pathways are required for cell motility in many systems, their critical downstream effectors during amoeboid chemotaxis have not been identified. Traditionally, the MAP kinases have been modeled in linear pathways in which signals from receptors at the cell surface cause phosphorylation of the activating MEK kinases and MEKs (MAP kinase kinases), followed by phosphorylation of the MAP kinases and their translocation to the nucleus (21, 42) . In the nucleus, MAP kinases activate transcription factors responsible for the expression of immediate-early genes (21) . The kinases are inactivated by dephosphorylation of a threonine and tyrosine in their activation loop before they exit to the cytoplasm (58) . However, activated ERK has also been found in the extending pseudopodia of migrating fibroblasts, in the focal adhesions and spreading lamellipodia of newly adherent fibroblasts, and in the cytoplasm of epithelial cells at the front of migrating sheets (4, 15, 28, 36) .
Studies with fibroblasts and epithelial cells indicate that ERK's function at the leading edge is to phosphorylate and activate the myosin II motor and specific focal adhesion proteins. Myosin light-chain (MLC) kinase (MLCK) phosphorylation of MLC activates myosin motor activity (11) . In vitro, ERK1 can directly phosphorylate and activate MLCK (28) . Pharmacological inhibition of either MEK or MLCK in spreading fibroblasts reduces focal adhesion disassembly, and inhibition of MEK in immortalized kidney cells reduces MLCK activity and MLC phosphorylation (7, 60) . However, functional MLCK is required for ERK1 localization to focal adhesions (15) , indicating that MEK/ERK signaling and MLCK have a more complex relationship than a simple linear pathway. ERK also interacts with the focal adhesion protein paxillin in a multifaceted manner. Paxillin is an adaptor protein that can recruit ERK to focal adhesions, ERK and JNK can phosphorylate paxillin, and paxillin phosphorylation potentiates epithelial cell spreading and motility (6, 23, 31) .
The function of MEK1/ERK1 signaling during amoeboid chemotaxis, such as that seen in leukocytes, metastatic cancer cells, and Dictyostelium, has not been studied as thoroughly. This type of cell movement is more rapid and does not involve focal adhesions (17) . In Dictyostelium, active myosin II is located along the cortex of the posterior two-thirds of moving cells (the myosin motor retracts the posterior, and assembled filaments provide structural support to prevent aberrant lateral pseudopod extension), not in the extending pseudopodia (11, 27, 40) . Loss of Dictyostelium MLC results in severe cytokinesis, morphogenesis, and motility defects, but mutation of the activating MLC phosphorylation sites causes only an increase in chemotaxis speed and decrease in lateral pseudopod extension (it has no effect on cytokinesis or morphogenesis). Loss of the Dictyostelium MLC activator, MLCK-A, causes a conditional cytokinesis defect during growth in shaking culture but no chemotaxis phenotype (12) . Thus, ERK1 phosphorylation of MLCK is unlikely to fully explain why MEK1/ERK1 signaling is so essential to amoeboid chemotaxis.
To better understand which molecules are responsible for the mek1 Ϫ and erk1 Ϫ cell polarization and motility defects, we screened for second-site suppressors of the mek1 Ϫ smallmound phenotype in Dictyostelium cells. We discovered a novel, highly conserved gene, smkA (for suppressor of mek1 Ϫ ), that is required for the chemotaxis defects of mek1 Ϫ cells. Independent of MEK1, loss of SMEK causes cytokinesis and developmental phenotypes similar to those of cells with reduced cortical tension (12, 13, 44) . Also independent of the MEK1/ERK1 pathway, SMEK overexpression severely reduces cell polarization and chemotaxis.
We find that SMEK function is regulated by its localization. SMEK localizes to the cell cortex in vegetative cells but translocates to the nucleus during starvation and development. A SMEK mutant lacking the conserved nuclear localization signal (NLS) constitutively localizes to the cell cortex and is unable to complement smkA Ϫ deficiency, demonstrating that SMEK nuclear localization is necessary for its function. Microarray analysis determined that some late genes are precociously expressed in mek1 Ϫ and erk1 Ϫ cells. Loss of SMEK suppresses this misexpression for several of these genes, indicating that their precocious expression requires the presence of SMEK. Thus, this novel, conserved protein causes some of the mek1 Ϫ defects in cell polarization, chemotaxis, and gene expression in Dictyostelium.
MATERIALS AND METHODS

REMI screen and cloning of SMEK. We created a mek1
Ϫ mutant of the thymidine-requiring JH10 strain. For the restriction enzyme-mediated integration (REMI) screen, log-phase mek1 Ϫ JH10 cells were electroporated with a REMI vector containing the blasticidin resistance cassette and the restriction enzyme DpnII. Transformants were selected in 10 g/ml blasticidin and plated on SM agar with Klebsiella aerogenes. Colonies with wild-type-sized mounds and slugs were harvested, and genomic DNA sequences flanking the insertion sites were cloned and used as probes for Southern blot analysis as described previously (32, 46) . SMEK was obtained by screening ZAP cDNA and genomic libraries with a probe amplified from genomic DNA by PCR. The C terminus was obtained by PCR amplification from Dictyostelium strain KAx-3 genomic DNA with primers based on the predicted smkA gene sequence (DDB0188242) in the Dictyostelium Genome Project database (http://dicty.sdsc.edu). In-frame PCR was used to add the N-terminal hemagglutinin (HA) tag and create the EVH1 and NLS deletion mutants. All constructs were ligated into the EXP-4(ϩ) expression vector.
Independent knockout and overexpression SMEK cell lines. Dictyostelium cells were grown in axenic HL5 medium and transformed by electroporation. The KAx-3 strain was used to generate the smkA Ϫ and SMEK-overexpressing cell lines. The mek1 Ϫ JH10 strain was used to generate the mek1 Ϫ /smkA Ϫ cell line. To knock out SMEK, a HindIII/BamHI linker and the blasticidin resistance BSr gene cassette were inserted after the first 300 bp of the smkA coding sequence. For overexpression of SMEK, cells were selected in the presence of G418 (20 g/ml) as described previously (19) . Clones were screened by immunoblotting to identify those expressing high and low levels of exogenous SMEK.
Development and chemotaxis analysis. Developmental morphology was observed by plating washed log-phase cells on nonnutrient agar plates (34) . Chemotaxis in response to cAMP gradient stimulation was examined as described previously (9, 19) . Briefly, cells were pulsed with 30 nM cAMP at 6-min intervals for 5 h and plated on glass-bottomed microwell plates. A micropipette containing 150 M cAMP was positioned to stimulate the cells, using a micromanipulator (Eppendorf-Netheler-Hinz GmbH), and the response of the cells was recorded using a time-lapse video recorder and NIH Image software (one image every 6 s). Computer-assisted analysis of cell movement and shape change was performed using the DIAS program (61) .
Isolation of cytoskeletal myosin II. Cells were starved for 2 h, pulsed with 100 nM cAMP for 5 h, and treated with 1 mM caffeine for 30 min before stimulation with 100 M cAMP. Cytoskeletal proteins were isolated as proteins insoluble in the detergent Triton X-100 as described previously (53) . The protein pellets were dissolved by being boiled in 2ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer, run on 7.5% acrylamide gels, and stained with Coomassie blue. Protein bands were scanned and changes in myosin II content were quantitated using Image Gauge software.
Indirect immunofluorescence staining. For immunofluorescence staining, vegetative cells were taken from shaking culture and allowed to adhere to coverslips. For chemotaxis analysis, cells were pulsed with 30 nM cAMP at 6-min intervals for 5 h in 12 mM sodium phosphate buffer (pH 6.2). Cells were allowed to adhere to and begin chemotaxing on the coverslips or were stimulated with 150 M cAMP before fixation in Ϫ20°C ethanol and 1% formaldehyde. Cells were permeabilized with 0.5% Triton X-100, washed, and incubated with 10 mg/ml mouse anti-HA antibody (Covance) in phosphate-buffered saline containing 0.5% fetal bovine serum and 0.05% Tween 20 overnight at 4°C. Cells were washed in 0.5% fetal bovine serum in phosphate-buffered saline and incubated with tetramethyl rhodamine isocyanate-conjugated anti-mouse (Molecular Probes) or fluorescein isothiocyanate-conjugated anti-rabbit (Southern Biotechnology) antibodies for 1 h. F-actin was stained with rhodamine-conjugated phalloidin (Sigma). We acquired images with either a confocal or a DeltaVision deconvolution microscope system RNA preparation and cDNA microarray analysis. Cells (10 7 cells/ml) were starved in Na-K phosphate buffer for 1 h, pulsed with 30 nM cAMP every 6 min for 5 h, and then stimulated once with 300 M cAMP. RNA was prepared from 5 ϫ 10 7 cells every 2 h by dissolving in Trizol reagent (Gibco/BRL). Reference RNA was prepared by pooling samples collected throughout development. Probes were prepared, hybridized to microarrays, and analyzed as described previously (24) . Briefly, Superscript II DNA polymerase (Invitrogen) was used to incorporate either Cy5 or Cy3-conjugated dCTP (Amersham) into DNA, using constant amounts of RNA as template. After removal of the unincorporated dyes (Millipore), the probes were mixed and hybridized to the microarrays for 6 to 12 h. The microarrays carried unique 50-bp oligonucleotides for the 600 genes (http://www.biology.ucsd.edu/loomis-cgi/microaray/Smek-array.html). Dyes for the sample and reference probes were interchanged in different experiments. Probed microarrays were analyzed in an Axon Genepix 4000B scanner. Total Cy3 signal was normalized to total Cy5 signal after background subtraction, and the Cy3/Cy5 ratio was calculated for individual genes. Each developmental time course was repeated at least twice. Mean values were used for subsequent analysis. Protocols are available at http://www.biology.ucsd.edu/loomis-cgi /microaray/index.html.
RESULTS
Identification of smkA. During Dictyostelium development, cell-cell communications and intracellular signaling events are coordinated with cell movement towards cAMP to result in the formation of multicellular aggregates (mounds) that undergo morphogenesis to form a mature fruiting body (8) . Dictyostelium cells lacking MEK1 or ERK1 form extremely small developmental aggregates due to their impaired chemotaxis (34, 50) . To discover the proteins responsible for the mek1 Ϫ defective chemotaxis, we performed a second-site suppressor screen of the mek1 Ϫ aggregation phenotype by using REMI mutagenesis. REMI randomly inserts a plasmid sequence in the genome and usually yields a null mutation (46) . We identified a novel gene, smkA, which is required for the mek1 Ϫ developmental phenotype (loss of SMEK in a mek1 Ϫ background partially suppresses the mek1 Ϫ phenotypes) (Fig. 1A) . Northern blotting of the Dictyostelium smkA transcript shows that smkA mRNA levels are constant throughout development (data not shown).
A BLAST search of GenBank identified highly conserved SMEK homologs in organisms ranging from yeast to humans (Fig. 1B and C) . BLAST searches of the iGAP database, which uses fold recognition and threading rather than simple sequence identity (33) , identified a putative EVH1 domain at the N terminus. EVH1 domains are sequences of 110 amino acids that bind to proline-rich regions in a variety of binding partners (22) . There is 72% similarity between the EVH1 domain of the Dictyostelium SMEK protein and that of the two human homologs. The domain also contains a highly conserved tyrosine and tryptophan that align with the central Y16 and W22 (human VASP numbering) found in type I EVH1 domains ( Fig.  1B and C) . A central domain of undetermined function (PFAM DUF625) exhibits 60% similarity between Dictyostelium and human SMEKs (Fig. 1B) . Although much of the Dictyostelium SMEK C terminus is simple sequence and unconserved, it contains a conserved stretch of acidic residues followed by basic residues (Fig. 1B and C) .
SMEK function is required for mek1 ؊ cell polarity and chemotaxis defects. We independently generated smkA Ϫ and mek1 Ϫ /smkA Ϫ knockout strains by using homologous recombination (see Materials and Methods). Random transformants were selected and screened for disruption of smkA by Southern and Northern blot analyses (data not shown). Several independently derived single and double mutant strains were examined; all in each class exhibited the same developmental and chemotaxis phenotypes (data not shown). We used single representative smkA Ϫ and mek1 Ϫ /smkA Ϫ clones for subsequent studies.
Wild-type cells form a multicellular organism through a starvation-induced developmental program. After ϳ9 h of starvation, the chemotactic aggregation of up to 10 5 cells leads to the formation of multicellular mounds. Morphogenesis ensues, with the formation of an apical tip after ϳ12 h. The organism elongates and forms a migrating pseudoplasmodium (slug) between 14 and 16 h and initiates culmination to form a mature fruiting body at ϳ20 h of development ( Fig. 2A ) (7). Formation of a mound can be used as a read-out of successful aggregation and the tipped aggregate as a read-out of the initiation of morphogenesis (3, 27 We next determined if SMEK is required for mek1 Ϫ defects in cell polarity and chemotaxis, which contribute to the mek1 Ϫ small-mound phenotype. We analyzed the polarity, directionality, and speed of individual mek1 Ϫ /smkA Ϫ cells chemotaxing up a cAMP gradient. As shown in Fig. 2B and quantified in Table 2 , mek1 Ϫ /smkA Ϫ cells exhibit dramatically improved chemotaxis profiles compared to those of mek1 Ϫ cells (48% roundness in mek1 Ϫ /smkA Ϫ cells, 73% in mek1 Ϫ cell, and 47% in reference wild-type KAx-3 cells) ( Table 2) . A similar improvement is seen in their directionality. Furthermore, mek1 Ϫ / smkA Ϫ cells move Ͼ2-fold faster than mek1 Ϫ cells, at a speed that is comparable to that of wild-type cells (10 m/min for mek1 Ϫ /smek Ϫ cells, compared to ϳ3 m/min for mek1 Ϫ and ϳ11 m/min for KAx-3 cells) ( Table 2 ). Loss of SMEK in a wild-type background causes a mild increase in the frequency of direction change and slowing of chemotaxis, similar to the levels observed in the mek1 Ϫ /smkA Ϫ strain. Thus, smkA Ϫ partially suppresses mek1 Ϫ defects in mound size during aggregation, and it completely suppresses the mek1 Ϫ cell polarity and chemotaxis defects (Tables 1 and 2) .
Loss of SMEK causes reduced chemoattractant-mediated myosin assembly. We noted that loss of SMEK in both wildtype and mek1
Ϫ backgrounds causes a delay in exit from the mound stage and a mild increase in lateral pseudopod production ( Fig. 2A and B) . smkA Ϫ cells do not reach the slug stage until 24 h of development and form morphologically abnormal fruiting bodies after 36 h ( Fig. 2A, 36 eventually falls over to become a slug (11, 27, 40) . Importantly, Dictyostelium cells lacking myosin II, expressing dominant negative myosin II, or overexpressing myosin heavy chain kinase do not develop past the mound stage (13, 29, 55) . Therefore, we assayed the smkA Ϫ and mek1 Ϫ /smkA Ϫ strains for growth defects known to result from reduced myosin II activity.
Cells with inactive or no myosin II also have a conditional cytokinesis defect (12, 13, 44) . These strains exhibit little increase in cell number when grown in suspension culture but are able to divide and proliferate on a substratum via tractionmediated cytofission. Both smkA Ϫ and mek1 Ϫ /smkA Ϫ cells exhibit such a conditional cytokinesis defect (Fig. 3A) . When grown in suspension culture, the cells form abnormally large, multinucleate structures, but the cells are predominantly mononucleate on a substratum (Fig. 3A) . These data show that in addition to mediating the mek1 Ϫ chemotaxis defects, SMEK plays a MEK1-independent role in exit from the mound stage and cytokinesis.
Because smkA Ϫ and mek1 Ϫ /smkA Ϫ cells exhibit phenotypes similar to those of strains that are defective in myosin II assembly (lateral pseudopod extension during chemotaxis, mound arrest, and cytokinesis defects in suspension), we hypothesized that SMEK was required for proper myosin II localization or assembly. We examined the subcellular distribution of myosin II during chemotaxis by using green fluorescent protein-myosin II, which retains wild-type localization and catalytic activity (38) . The green fluorescent protein-myosin II reporter properly localizes to the posterior of chemotaxing smkA Ϫ cells and the cleavage furrow of dividing smkA Ϫ cells, indicating that SMEK is not required for proper localization of either component (data not shown).
We assayed the ability of smkA Ϫ cells to assemble myosin II in response to chemoattractant stimulation by isolating Tritoninsoluble cytoskeletal fractions from cells stimulated with cAMP for different lengths of time (41, 53) . In the basal (unstimulated) state, the amount of myosin II in the total cell protein of mek1 Ϫ cells is 90% of that of wild-type cells. mek1 Ϫ cells exhibit a wild-type myosin II response pattern following chemoattractant stimulation. This profile is characterized by a 3.0-to 3.3-fold increase in myosin II in the cytoskeletal fraction that peaks at between 30 and 50 s poststimulation (Fig. 3B ) (41, 53) . In contrast, smkA Ϫ and mek1 Ϫ /smkA Ϫ cells exhibit elevated basal levels of assembled myosin II (both 120% of the wild-type level) but reduced accumulation of myosin II in the Triton-insoluble fraction after stimulation with cAMP, compared to wild-type cells (Fig. 3B) . smkA Ϫ cells display only a 1.9-fold induction and mek1 Ϫ /smkA Ϫ cells a 2.1-fold induction of assembled myosin II. These data are consistent with the observation of myosin II Ϫ -like phenotypes in smkA Ϫ and mek1 Ϫ /smkA Ϫ cells and suggest that independent of MEK1, SMEK can influence proper myosin II assembly (13, 54, 62) .
SMEK overexpression in wild-type and mek1 ؊ cells causes reduced cell polarity and chemotaxis. Next, we determined whether SMEK overexpression affects cell polarization and chemotaxis. When KAx-3/SMEK OE cells undergo developmental morphogenesis, most of the cells fail to join the aggregates, and the mounds and fruiting bodies that do form take longer to develop and are smaller than wild type ( Fig. 2A) . Furthermore, cells with very high levels of SMEK are likely selected against during growth, since the strain grows more slowly than wild-type cells (data not shown). SMEK overexpression in the mek1 Ϫ and erk1 Ϫ backgrounds causes slow aggregation ( Fig. 2A and data not shown) , indicating that the SMEK overexpression phenotype does not require the presence of MEK1 or ERK1 and is thus independent of the MEK1/ ERK1 pathway. Wild-type cells overexpressing full-length HAtagged SMEK (KAx-3/SMEK OE ) are round and unpolarized (76% roundness) ( Fig. 2B ; Tables 1 and 2 ). KAx-3/SMEK OE cells exhibit little directionality during chemotaxis (0.17) and move slowly (3.5 m/min) ( Table 2 ). Thus, proper SMEK expression levels are critical for effective cell polarity and chemotaxis.
SMEK subcellular localization is regulated between the cell cortex and nuclear compartments. We determined the subcellular localization of SMEK by using indirect immunofluorescence. In vegetative cells, full-length HA-tagged SMEK localizes to the cell cortex (Fig. 4) . After the cells are pulsed in Na-K phosphate buffer for 6 h to render them competent for chemotaxis, SMEK is in the nucleus. Because our identification of SMEK as a genetic suppressor of mek1 Ϫ suggests that SMEK could function downstream of MEK1, we tested whether the MEK1/ERK1 pathway controls SMEK localization. In both mek1 Ϫ and erk1 Ϫ cells, HA-SMEK exhibits the same pattern of subcellular localization as in wild-type cells (data not shown), indicating that SMEK localization is not regulated by MEK1/ERK1 signaling.
In Dictyostelium, cAMP functions extracellularly as the chemoattractant during aggregation and intracellularly to activate protein kinase A (PKA) (3). Upon starvation, Dictyostelium cells enter a development program that includes cAMP production, activation of PKA, and signal relay in which cAMP is secreted from cells (3, 35, 59) . To determine if the internal cAMP relay system is involved in SMEK's translocation, we assayed HA-SMEK localization in acaA Ϫ /acrA Ϫ and PKA-R (49) . In the PKA-R Ϫ background, HA-SMEK also localizes to the cell cortex in the vegetative state and to the nucleus on starvation (data not shown). Thus, SMEK's translocation is regulated by a starvation signal other than the established cAMP-PKA pathway.
Many proteins containing EVH1 domains localize to F-actin-rich regions via polyproline substrate-EVH1 domain interactions (43) . To determine if SMEK's EVH1 domain is required for the cortical localization of SMEK in vegetative cells, we examined the subcellular distribution of an HA-SMEK construct missing the N-terminal 110 residues (Fig. 5A , SMEK ⌬EVH1 ) and of an HA-SMEK construct containing only the EVH1 domain (Fig. 5A, EVH1 ). In KAx-3 cells, SMEK ⌬EVH1 constitutively localizes to the nucleus, even during vegetative growth (Fig. 5B) . In contrast, the EVH1 domain constitutively localizes to the cell cortex, even after starvation (Fig. 5C ). We observed identical localization patterns in smkA Ϫ and mek1 Ϫ /smkA Ϫ backgrounds (data not shown). Therefore, SMEK's EVH1 domain is necessary and sufficient for its cortical localization.
To determine which SMEK residues are responsible for its nuclear localization, we analyzed the localization of HAtagged SMEK , which is truncated at residue 811 after the conserved EVH1 and DUF625 domains. SMEK 1-811 is distributed throughout the cytoplasm and at the cell cortex in both vegetative cells and cells pulsed with cAMP (data not shown). We searched SMEK's C terminus for a canonical NLS, which is typically a short sequence of positively charged residues. Although most of the sequence after residue 811 is unconserved simple sequence, the C terminus contains a short, conserved stretch of acidic residues, followed by basic residues ( Fig. 1B and C ; residues 1006 to 1026). We created an HAtagged SMEK deletion construct that lacked the conserved C-terminal basic stretch (Fig. 5A, SMEK ⌬NLS , residues 1 to 1018) and the terminal residues. We also created a second, control construct that retained the positively charged domain but lacked the C-terminal residues (Fig. 5A, SMEK ⌬C , residues 1 to 1026). Both constructs localize to the cell cortex and cytoplasm in vegetatively growing KAx-3 cells, similar to fulllength SMEK (Fig. 5D and E) . After cAMP pulsing, SMEK ⌬NLS remains at the cell cortex, while SMEK ⌬C translocates to the nucleus. Thus, the conserved basic residues near the C terminus serve as an NLS to target SMEK to the nucleus in response to a starvation signal. SMEK OE phenotypes are dependent on SMEK's subcellular localization. We employed these differentially localizing mutants and the different wild-type, SMEK ⌷⌭ , and smkA Ϫ phenotypes to determine whether SMEK functions at the cell cortex and/or in the nucleus during chemotaxis. In addition to assaying chemotaxis parameters, we focused on two developmental phenotypes: aggregation efficiency (which is reduced by SMEK overexpression) and mound size (which is reduced by loss of MEK1 and suppressed by simultaneous loss of SMEK).
In contrast to expression of full-length SMEK, expression of Table 1 ) and only mildly reduces cell polarization and directionality during chemotaxis up a cAMP gradient ( Fig. 6B ; Tables 1 and 2 ). The lack of overexpression phenotypes with a construct that constitutively localizes to the nucleus suggests that the overexpression phenotype is due to SMEK activity at the cell cortex. This hypothesis was corroborated by analysis of the C-terminal deletion mutants. Expression of SMEK ⌬NLS and SMEK ⌬C in wild-type KAx-3 cells reduces the cells' ability to join the developing mounds. These strains exhibit slower aggregation and delayed progression through the multicellular stages, similar to, but not as severe as, what is seen in KAx-3 cells overexpressing full-length SMEK (Fig. 6A) . When put in a cAMP gradient, KAx-3/ SMEK ⌬NLS and KAx-3/SMEK ⌬C cells chemotax poorly, with a speed of 5 m/min, 0.35 and 0.43 directionality, and 58 and 64% roundness, respectively. These parameters resemble, but are not as severe as, the chemotaxis defects of KAx-3 cells overexpressing full-length SMEK ( Fig. 6B ; Tables 1 and 2) . Thus, high levels of SMEK at the cell cortex are sufficient to reduce cell polarity and chemotaxis speed and directionality.
As the phenotypes of KAx-3/SMEK ⌬C cells are not as strong as those of KAx-3/SMEK cells, we suggest that the C-terminal residues of SMEK contribute to the overexpression phenotype seen in KAx-3/SMEK OE cells. Because these overexpression phenotypes complicated the phenotypic read-outs when we examined the ability of SMEK ⌬EVH1 , SMEK ⌬NLS , and SMEK ⌬C to complement the smkA deficiency, we assayed for complementation of smkA deficiency in the mek1 Ϫ /smkA Ϫ background. In the wild-type background, smkA Ϫ cells aggregate normally but exhibit a delayed exit from the mound stage. In the mek1 Ϫ background, smkA deficiency causes a stark increase in mound size during development (mek1 Ϫ /smkA Ϫ cells compared to mek1 Ϫ cells) and improves cell polarity and chemotaxis speed and directionality to the levels of wild-type cells. Thus, SMEK is required for the mek1 Ϫ aggregation and chemotaxis defects. Expression of full-length SMEK in mek1 Ϫ /smkA Ϫ cells should revert the strain to the mek1 Ϫ phenotype and lead to the formation of tiny aggregates and reduced chemotaxis. This is what is observed ( Fig. 6A and B) . mek1 Ϫ /smkA Ϫ /SMEK ⌷⌭ cells form aggregates with tiny mounds during development and chemotax with a speed of 3.4 m/min, 0.2 directionality, and 77% roundness, similar to mek1 Ϫ cells. Many of the cells do not enter the mounds, which we attribute to the SMEK OE phenotype.
We examined the ability of either cytoplasmic-or nuclearlocalized SMEK to complement SMEK deficiency by expressing the SMEK deletion mutants (which are constitutively found in either the cytoplasm or the nucleus) in mek1 Ϫ /smkA Ϫ cells. If SMEK must localize to the nucleus to cause the mek1 Ϫ Fig. 2A and 6A ; Table 1 ). The mek1 Ϫ /smkA Ϫ /SMEK ⌬NLS strain also exhibits a partially suppressed mek1 Ϫ chemotaxis phenotype ( Table 2 ) (speed of 5.4 m/min, 0.4 directionality, and 57% roundness). Thus, the NLS is required for full SMEK function and complementation of the smkA Ϫ defects in the mek1 Ϫ background (Fig. 6B) . The control mek1 Ϫ /smkA Ϫ /SMEK ⌬C strain, like mek1 Ϫ /smkA Ϫ /SMEK ⌷⌭ cells, forms tiny mounds, slugs, and fruiting bodies that resemble mek1 Ϫ structures ( Fig. 2A and  6A) . mek1 Ϫ /smkA Ϫ /SMEK ⌬C cells chemotax with a speed of 2 m/min, 0.07 directionality, and 90% roundness, similar to mek1 Ϫ cells (Table 2 ). This indicates that expression of SMEK ⌬C can complement the smkA Ϫ deficiency in mek1 Ϫ / smkA Ϫ cells and revert the cells to a mek1 Ϫ phenotype, similar to expression of full-length SMEK and SMEK ⌬EVH1 . These differences in the phenotypes of mek1 Ϫ /smkA Ϫ cells expressing either SMEK ⌬EVH1 , SMEK ⌬NLS , or SMEK ⌬C are consistent with a model in which SMEK must localize to the nucleus to cause the mek1 Ϫ chemotaxis defects. We expect that the partially suppressed mek1 Ϫ chemotaxis phenotype of mek1 Ϫ / smkA Ϫ /SMEK ⌬NLS cells may be due to the cytoplasmically localized overexpression phenotype. Another possibility would be that some of the SMEK ⌬NLS protein is nuclearly localized. smek ؊ suppresses mek1 ؊ defects in gene expression. The immunofluorescence and phenotype analyses indicate that SMEK translocates to the nucleus upon starvation and that this translocation is required for the mek1 Ϫ chemotaxis defects. From these data and studies with many systems demonstrating that MAP kinase pathways can control the transcription of specific genes, we hypothesized that the MEK1/ERK1 pathway regulates gene expression during chemotaxis and that SMEK is partly responsible for any erroneous gene expression in mek1 Ϫ cells (21) . Because the MEK1/ERK1 pathway gene targets in Dictyostelium have not been characterized, we indirectly assayed the transcription of 600 developmental genes in KAx-3, mek1 Ϫ , erk1 Ϫ , smkA Ϫ , and mek1 Ϫ /smkA Ϫ strains with microarrays. These 600 genes were chosen from the set of 6,345 probes previously analyzed on microarrays (24): ϳ250 genes exhibited a Ն3-fold increase in expression during development, ϳ250 genes exhibited a Ն3-fold decrease, and ϳ100 genes were chosen because of developmental interest and are listed at http://www.biology.ucsd.edu/loomis-cgi/microaray /Smek-array.html. We developed the strains in shaking culture with cAMP pulsing and harvested their RNAs every 2 h (24, 37, 48). The RNA was fluorescently labeled and compared to labeled, time-averaged reference RNA. Two independent experiments showed good reproducibility; the average values for individual genes can be found at http://www.biology.ucsd.edu /loomis-cgi/microarray/Smek-array.html.
Dramatic changes in gene expression coincide with Dictyostelium's transition from a unicellular into a multicellular organism (24, 37, 57) . One such transition occurs after 10 h of development, when the unicellular aggregating cells form loose multicellular mounds (3, 26) . We discovered that mek1 Ϫ and erk1
Ϫ cells precociously express a number of the late genes involved in this transition (after only 4 to 8 h of development) (Fig. 7) . This phenomenon was not observed in smkA Ϫ cells and was partially suppressed in mek1 Ϫ /smkA Ϫ cells (16 out of 19 precocious genes were suppressed). Two of the genes expressed precociously in mek1 Ϫ and erk1 Ϫ cells (DDB0231389 and DDB0231081) were completely dependent on the presence of SMEK. The other 14 gene transcripts that showed increases in mek1 Ϫ and erk1 Ϫ cells (compared with wild-type cells) were only partly dependent on SMEK. SMEK deficiency in mek1 Ϫ cells reduced the induction level of these latter genes from Ն10-to 20-fold to less than 6-fold in most cases. We confirmed the precocious expression of tagB and tipB mRNA in mek1 Ϫ cells and its suppression in mek1 Ϫ /smkA Ϫ cells by Northern blotting of RNA prepared in a third independent experiment (Fig. 7B) .
This pattern of precocious late gene expression in mek1 Ϫ and erk1 Ϫ cells parallels their precocious transition from mounds to slugs ( Fig. 2A and data not shown) . The suppression of precocious gene expression in mek1 Ϫ /smkA Ϫ cells also resembles the suppression of the mek1 Ϫ developmental defects ( Fig. 2A) , in which the mek1 Ϫ /smkA Ϫ time of transition to later developmental stages resembles that of wild-type cells.
smkA Ϫ cells did not exhibit any major differences in the global gene expression patterns compared to wild-type cells. However, one gene, pdiA, an inhibitor of cAMP phosphodiesterase normally expressed at 4 h of development, is not expressed in smkA Ϫ or in mek1 Ϫ /smkA Ϫ cells (Fig. 7A and B) . These results make it unlikely that SMEK is a global regulator of gene expression. Instead, SMEK contributes to the high levels of precocious late gene expression seen in mek1 Ϫ cells and is required for the expression of a second set of MEK1-independent genes, represented by pdiA. PDIA is a secreted protein that binds to and inhibits the extracellular phosphodiesterase that degrades the extracellular cAMP chemoattractant and morphogen. PDIA expression is regulated by the levels of cAMP and is normally induced early in development (16) . While overexpression of PDI leads to developmental defects, the loss of PDI does not lead to visible developmental phenotypes (63) , and thus the absence of PDI expression in smkA Ϫ cells would, in itself, not account for smkA Ϫ cell phenotypes.
DISCUSSION
Dictyostelium and mammalian cells must activate the MEK/ ERK pathway in order to chemotax effectively (20, 34, 36, 39, 65) . However, questions remain about where the MEK/ERK kinases function during chemotaxis and which molecules are responsible for the defective chemotaxis in their absence. We have discovered and characterized an evolutionarily conserved protein that is required for the Dictyostelium mek1 Ϫ cell polarity and chemotaxis defects. SMEK is the founding member of a highly conserved protein family found in the genomes of all eukaryotes examined, including yeast, Dictyostelium, Arabidopsis, Drosophila, Xenopus, and humans (Fig. 1C) .
SMEK's highly conserved functional domains. The two most highly conserved regions of SMEK are the N-terminal EVH1 domain and the central domain, which suggests these are the critical functional domains. The EVH1 domains of ENA/VASP and Homer target the signaling proteins to actinrich focal adhesions and neuronal synaptic signaling domains, respectively (5, 22, 30) . We found that SMEK's EVH1 domain is required for its localization to the cell cortex. SMEK ⌬EVH1 , which lacks the EVH1 domain, constitutively localizes to the nucleus, and the isolated EVH1 domain constitutively localizes to the cell cortex. SMEK's central domain consists of an uncharacterized conserved domain (PFAM DUF625). Because expression of SMEK ⌬EVH1 complements loss of SMEK in mek1 Ϫ /smkA Ϫ cells and the C terminus is not well conserved, we suggest that this central domain mediates SMEK's function. The characterization of this novel, conserved domain and its role in chemotaxis signaling should provide insights into the molecular mechanism of SMEK function.
Careful alignment of the SMEK homologs revealed a third partially conserved domain at the very C terminus of the SMEK protein. This domain consists of a stretch of acidic residues followed by basic residues and is found in SMEK proteins from higher eukaryotes and Dictyostelium but not Saccharomyces cerevisiae. We show that the basic stretch is required for Dictyostelium SMEK's translocation to the nucleus in response to starvation. We propose that this domain is an NLS that is exposed by a starvation-induced change in the conformation of the SMEK C terminus.
Loss of SMEK results in reduced myosin II assembly in response to chemoattractant stimulation. In addition to partially suppressing mek1 Ϫ chemotaxis defects, SMEK deficiency causes reduced cytokinesis during growth in shaking culture and delayed exit from the mound stage during morphogenesis. These phenotypes are similar to, but less severe than, those of strains with mutations that block myosin II assembly (9, 11, 18) . Thus, the reduced cytokinesis and retarded morphogenesis are consistent with smkA Ϫ cells having reduced myosin II assembly. We report that smkA Ϫ cells exhibit reduced myosin II accumulation at the cell cortex, compared to wild-type cells, in response to chemoattractant stimulation. However, mutations that lead to a reduced myosin II assembly rather than a complete (or almost complete) loss of myosin II assembly and their resultant phenotypes have not been characterized. This makes it difficult to definitely attribute the cytokinesis and mound delay phenotypes to reduced myosin II assembly.
SMEK translocation to the nucleus and functional implications. SMEK is found at the cortex in vegetatively growing cells but is nuclear in developing cells. the signal for translocation is unlikely to be chemoattractant stimulation or intracellular cAMP signaling. Furthermore, SMEK still localizes to the cell cortex in PKA-R Ϫ cells, which have a constitutively active PKA. We propose that SMEK translocates in response to a cell density or starvation signal. Possible cAMP-independent starvation signals include the secreted prestarvation factor and conditioned medium factor. These factors are secreted in a cAMP-independent manner when growing Dictyostelium cells reach a high-density and lownutrient state and are required for aggregation (10, 64) .
By expressing the differentially localizing SMEK ⌬EVH1 and SMEK ⌬NLS mutants in mek1 Ϫ /smkA Ϫ cells, we show that SMEK must be in the nucleus to mediate the mek1 Ϫ development and chemotaxis defects. We focused on the role of nuclear SMEK and found that SMEK is required for mek1 Ϫ elevated and precocious expression of late genes. The suppressed genes include abcG21 and tagB, which encode ABC transporters that couple the hydrolysis of ATP with chemical export in eukaryotes. ABC substrates include sugars and amino acids, hydrophilic drugs and lipids, and large proteins (1, 56) . abcG21 has not been characterized but is predicted to encode a full transporter with two ABC domains and two transmembrane domains (1) . tagB encodes a half transporter with an N-terminal serine protease domain, a central transmembrane domain, and a C-terminal ABC domain. TagB is required for specialization of prestalk pstA cells, a subpopulation that develops in late mounds and forms the tip and eventually the stalk of the fruiting body (47 (14) , possibly indicating another player in the signaling pathway. Our analysis also identified pdiA as being misregulated in smkA Ϫ cells but not affected by MEK1 or ERK1. At this time, it is unclear if these genes are candidates for explaining the mek1 Ϫ , erk1 Ϫ , smkA Ϫ , and mek1 Ϫ /smkA Ϫ phenotypes. Because the array covers only 5% of the Dictyostelium genome (600 of 12,000 predicted genes), future studies with the now completely sequenced genome may reveal genes more telling of the importance of MEK1/ERK1 transcriptional targets during chemotaxis. Because only a portion of the mek1 Ϫ and erk1 Ϫ misregulated genes are suppressed by smkA deletion, we favor a model in which SMEK acts independently of the MEK1/ERK1 pathway but inversely regulates the expression of some MEK1/ERK1 gene targets. Inherent in this model is the idea that MEK1/ERK1 regulation of gene expression is important for chemotaxis. For example, precocious late gene expression may interfere with the cells' ability to properly respond to signals for cell polarization and chemotaxis at earlier time points.
Our studies with SMEK deletion mutants also determined that expression of cell cortex-localized SMEK ⌬NLS , but not nuclearly localized SMEK ⌬EVH1 , mimics the phenotypic effect of full-length SMEK overexpression. These data and the smkA Ϫ cytokinesis defect during vegetative growth suggest that SMEK can function at the cell cortex in addition to in the nucleus (Fig. 8) . Interestingly, cells expressing high levels of full-length SMEK protein, but not cells with high levels of SMEK ⌬EVH1 protein, are selected against during growth (data not shown). This is consistent with the developmental and chemotaxis data, in which full-length SMEK, but not SMEK ⌬EVH1 , causes phenotypic defects. Another possibility would be that, under conditions of overexpression, SMEK may localize differently from endogenous SMEK and excessive SMEK at the cell cortex may interact with binding partners not seen under endogenous expression levels. While studies with populations of these strains showed identical localization patterns in high-and low-expressing cells and the clones shown in Fig. 4 and 5 (M. Mendoza and R. Firtel, unpublished observations), knock-in experiments with Dictyostelium and studies with other organisms will be useful to determine whether SMEK's role in the nucleus during chemotaxis is conserved.
SMEK and the MEK1/ERK1 pathway: a genetic interaction. The discovery of SMEK as a suppressor of MEK1 leads to two possible modes of genetic interaction: (i) SMEK functions downstream of and is inhibited by MEK1, and (ii) SMEK acts independently of MEK1 but regulates some MEK1 effectors in a manner opposite to that of the MEK1/ERK1 pathway (Fig.  8) . The SMEK overexpression phenotype in mek1 Ϫ and erk1 Ϫ cells indicates that SMEK does not function solely downstream of the MEK1/ERK1 pathway. We have also found that expression of a constitutively active MEK1 in which the activation loop S/T phosphorylation sites are mutated to Glu (34) or of a hyperactive ERK1 with a mutation in the DE domain making it inefficiently dephosphorylated (45) in smkA Ϫ cells causes delayed aggregation and defective chemotaxis phenotypes, similar to their expression in KAx-3 cells (Mendoza and Firtel, unpublished observation) Thus, MEK1/ERK1 signaling does not function solely through SMEK and may act both at the cortex and in the nucleus. We show that SMEK is only partially required for the mek1 Ϫ developmental phenotype and transcriptional defects, and loss of smkA causes MEK1/ERK1-independent phenotypes and transcriptional defects. Therefore, we favor the second model, in which the MEK1/ERK1 pathway and SMEK signaling converge on a partially overlapping set of effectors. This model includes the possibility that SMEK functions in a complex in which other members are regulated by the MEK1/ERK1 pathway and assumes the MEK1/ERK1 pathway has a broader range of downstream effectors than the ones requiring SMEK function.
In conclusion, we have characterized a novel, evolutionarily conserved protein required for Dictyostelium mek1 Ϫ defects during chemotaxis. SMEK responds to starvation by translocating to the nucleus. SMEK's nuclear localization is required for the mek1 Ϫ phenotype. Because SMEK has highly conserved homologs from yeast to humans, we suggest that SMEK regulation of Dictyostelium chemotaxis and the mek1 Ϫ and erk1 Ϫ phenotypes has parallels with SMEK function in mammalian systems. Further characterization of SMEK's binding partners and biochemical activity in other systems will provide insight into both its own function and MEK1/ERK1 function in the nucleus during chemotaxis.
